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Abstract 
In the last few years, energy consumption in greenhouses has gained increased 
interest, due to the liberalisation of the energy market and the increasing prices of 
natural gas. In this paper, the effects of a series of adaptations in greenhouse climate 
and cropping systems on crop production and energy consumption are presented. 
Greenhouse energy consumption is primarily determined by the temperature set 
points. Allowing temperatures to fluctuate, can conserve 3-13% energy, depending on 
the bandwidth applied. If average temperatures were kept at set point values, it hardly 
affected plant production. Lowering the temperature set point by 2°C reduced energy 
consumption by 16%, and production by 3%. Increasing relative humidity set points 
and reducing plant transpiration by removing leaves or applying antitranspirants 
could save approximately 5% energy with hardly any effect on plant growth. 
Increased light transmission of the greenhouse increased plant production and slightly 
reduced the energy consumption. Filtering out NIR had a positive effect on plant 
production, but negatively affected greenhouse temperatures. Substantial energy 
conservation could be realized by the application of an energy screen (16-20%). 
Optimal use of the available amount of CO2 positively affected crop production. These 
results indicate that in present cropping systems, energy conservation of 25-30% 
seems possible without major investments and without loss of production. 
Characteristics of such an energy efficient cropping strategy are the use of relative low 
temperature set points, high humidities, use of energy screens and fluent transitions in 
greenhouse climate. 
 
INTRODUCTION 
In view of the Kyoto protocol (1997), Dutch horticulture and government have 
agreed to improve energy efficiency by 65% in 2010 compared to 1980 and to increase 
the contribution of sustainable energy to 4%. Energy efficiency, the amount of energy 
used per unit of produce, can be enhanced by increasing production. However, since the 
energy standards in legislation are defined per unit surface area, the focus is being laid on 
a reduction in energy consumption to improve the energy efficiency. Another factor in the 
greater awareness of energy use in The Netherlands is the liberalisation of the energy 
market for growers since 2002. This free market implies that growers do not pay a fixed 
price per unit of natural gas anymore, but that prices are greatly determined by the 
maximum supply capacity of the gas contract. Therefore, it is important to reduce peaks in 
energy use. Finally, the increasing prices of natural gas in the past three years have 
increased growers’ interest in the energy consumption of their cropping systems. 
At present, new greenhouse concepts are being developed in The Netherlands, e.g. 
the closed greenhouse (Opdam et al., 2005), solar greenhouse (Bot et al., 2005) or the 
energy-producing greenhouse (www.kasalsenergiebron.nl), aiming at major reductions in 
energy consumption or even transforming the greenhouse into a net energy producer. The 
majority of the growers, however, have a standard equipped greenhouse. They must 
achieve reductions in energy consumption by adaptations in their greenhouse climate or 
cropping system. For them, it is important to know which changes they can make to their 
system and how this will affect crop growth, production, quality and energy consumption. 
Over the past four years, we have investigated a large number of adaptations in green-
Proc. IIIrd IS on HORTIMODEL2006 
Eds. L.F.M. Marcelis et al. 
Acta Hort. 718, ISHS 2006 
 204
house climate and cropping systems by simulation and experimentation. In this paper an 
overview of the perspectives of these adaptations is presented, classified by the climate 
factors primarily involved. 
 
MODELS 
Greenhouse climate characteristics and energy consumption were computed by the 
KASPRO greenhouse climate model (De Zwart, 1996), which describes the physics of 
mass and energy transport. The climate controller of KASPRO enables climate manage-
ment by means of heating, ventilation, screening, supplemental lighting and carbon 
dioxide supply. Based on weather data and climate set points, the model generates climate 
data sets, which were used by the crop model INTKAM (Marcelis et al., 2000). This 
model describes light interception, leaf area index (LAI), respiration, dry matter 
partitioning, dry matter content, fresh weights of the harvestable organs and develop-
mental aspects such as organ initiation and abortion. 
 
TEMPERATURE 
At present, greenhouse climate in The Netherlands is commonly controlled by 
rather rigid set points for heating and ventilation. Energy consumption strongly increases 
with increasing set points for heating temperature (Körner, 2003). In an extensive study 
on the effects of a series of energy saving measures, Elings et al. (2005) calculated the 
effects of lowering day and night temperature set points for tomato by 2°C. This measure 
reduced the energy consumption of a year round grown tomato crop by 16%. The lower 
temperatures, however, affected the leaf area development and light interception 
negatively, resulting in 3% lower production. 
When temperature integration is applied, temperatures are allowed to fluctuate 
within predefined bandwidths with a fixed period in which temperature deviations should 
be compensated. Several studies have shown that most horticultural crops tolerate these 
fluctuations, as long as the average temperature over 24 hours (Bakker and Van Uffelen, 
1988; Rijsdijk and Vogelezang, 2000) or several days (Hurd and Graves, 1984; De 
Koning, 1990) is kept constant. This may result in energy savings of 3% at a bandwidth of 
2°C (Elings et al., 2005) to 13% at a bandwidth of 10°C (Buwalda et al., 1999). At broad 
bandwidths, however, plant growth and quality could be negatively affected. In roses, 
shoot length was found to decrease at bandwidths of 10°C (Dieleman et al., 2005b). 
Apparently, low temperatures can cause delays in plant development that can not be 
compensated by increased temperatures in the following period. 
Plant growth is determined by the production and use of assimilates. Assimilates 
are produced in the process of photosynthesis, the rate of which is primarily determined 
by the amount of radiation. However, the processing of assimilates is determined by 
temperature. Adjusting temperature to radiation might have a positive effect on plant 
growth and development, due to a constant assimilate buffer in the plant (Seginer et al., 
1994). In a series of model calculations, Elings et al. (2006) simulated the effects of a 
stable ratio between supply of and demand for assimilates on cucumber production and 
the concomitant energy consumption. Alternating temperature deficits and surpluses 
within three days reduced the energy consumption of a winter crop by 9% without 
affecting fruit production (Elings et al., 2006). 
 
AIR HUMIDITY 
Humidity control in commercial greenhouses is commonly applied with fixed set 
points of about 85% relative humidity. Heating and ventilation are used when humidity 
exceeds the set point, both at the cost of considerable amounts of energy. Increasing the 
set point for relative humidity from 85% to 90% in tomato was calculated to reduce the 
energy consumption by 4% (Elings et al., 2005). The most important reason for humidity 
control is the risk of fungal diseases and physiological disorders (Grange and Hand, 
1987). In general, a tomato plant uses 10% of the water taken up for its fresh weight, the 
remaining 90% is transpired. If transpiration can be reduced, humidity will be lowered 
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without heating or ventilation, thereby saving energy. Several studies in the 1990s showed 
that transpiration in fruit vegetables can be reduced by 10-30%, without affecting fruit 
production (Esmeijer, 1998). One of these measures may be the removal of leaves of 
crops with high LAIs (Dueck et al., 2006). Sweet pepper is one of these crops; its LAI can 
increase up to eight at the end of the season. The upper leaves contribute most to 
photosynthesis, since they intercept most light. The lower leaves, however, will contribute 
only marginally to photosynthesis, but continue to transpire. Based on series of 
measurements of photosynthesis and transpiration at five different heights in a sweet 
pepper crop, contributions of different leaf layers to these processes were calculated 
(Dueck et al., 2006). Simulations showed that removal of the leaves in August from LAI 6 
to LAI 3 resulted in a 10% reduction in transpiration and 5% energy conservation. 
Production increased marginally by this measure (Dueck et al., 2006). In a modelling 
study, the prospects of antitranspirants, substances to reduce plant transpiration, were 
investigated. Antitranspirants reduced photosynthesis and plant growth by increasing 
stomatal resistance. However, if the antitranspirants were applied only in winter, in 
combination with increased CO2 levels in the greenhouse, they did not affect photo-
synthesis and growth. Due to the reduction in transpiration, energy savings of 5-10% were 
simulated for tomato and sweet pepper, and 2-5% for cucumber. 
 
RADIATION 
The amount of incident light on a greenhouse crop is affected by measures such as 
increased transmission, assimilation lights or energy screens. To judge whether these 
measures are profitable, growers need to estimate their effects on production. For more 
than 20 years, Dutch growers have used the rule of thumb: 1% additional light results in 
1% additional production. This rule of thumb was evaluated by Marcelis et al. (2006) for a 
number of greenhouse grown crops. Their literature study and analysis of data on climate 
and yield revealed that the 1% rule is an overestimation. For vegetables and flowers, 1% 
additional light resulted in 0.8-1% more production. The effects of increasing the 
transmission of the cover from 70 to 80% on tomato were simulated by Elings et al. 
(2005). Due to the increased light interception by the crop, fruit production increased by 
6%. Furthermore, the energy required to heat the greenhouse decreased by 2% due to the 
increased amount of solar heat in the greenhouse. A higher light transmission can be 
realized by regularly cleaning the cover and by new covering materials. 
Approximately 50% of the global radiation consists of near infrared radiation 
(NIR). Photosynthetic active radiation (PAR) absorbed by the crop is important for 
photosynthesis, whereas NIR primarily causes the greenhouse and plants to warm up and 
leads to increased air temperatures. This heating effect is favourable during winter, but 
during summer temperatures in the greenhouse can increase to undesirable levels. NIR 
filtering covers were calculated to reduce air and plant temperatures by 1-2°C (Hemming 
et al., 2006b). Reduction of ventilation in warmer periods of the year leads to higher CO2 
concentrations, resulting in a simulated production increase of 9%. Energy consumption, 
however, increased, due to the reduced amount of solar energy that entered the 
greenhouse. Light penetration in crops with high LAI, such as sweet pepper, can be 
improved if incoming light into the greenhouse is made diffuse, since diffuse light is able 
to penetrate deeper into a plant canopy in comparison to direct light. In a modelling study, 
Hemming et al. (2006a) calculated increased levels of photosynthesis in the middle and 
lower leaf layers of sweet pepper in the period April to October, resulting in a production 
increase of 4% due to the use of greenhouse covering materials that diffuse the incoming 
light. 
The use of energy saving screens is common in fruit vegetable crops such as sweet 
pepper and cucumber. After a peak in screen use in tomato growing in the 1980s when the 
energy prices were also high, the use of energy screens has recently gained attention 
again. In 2004, a modelling study was performed to determine the optimal moment of 
screen opening in the morning (Dieleman and Kempkes, 2006). Effects of a number of 
scenarios on greenhouse climate, energy consumption and crop production were simulated 
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for tomato. The use of an energy screen during the night reduced the annual energy 
consumption by 16%. The number of hours with an hourly gas consumption over 130 m3 
ha-1 year-1, a more or less standard contract capacity in The Netherlands, reduced by 
approximately 400 hours. Opening the screen at increasing levels of outside radiation (1-
150 W m-2) decreased the energy consumption by an additional 4%. These results were 
confirmed in an experiment in which the screens were opened at 5 or 50 W m-2 global 
radiation. Simultaneously, due to the light loss, the production was calculated to decrease 
by 0.5% (Dieleman and Kempkes, 2006). Opening the screen resulted in a temporary 
decrease in greenhouse air temperature. This does not necessarily affect the crop 
negatively, if compensated during the day. A temperature drop of 2.5°C after sunrise 
during 3 months did not affect growth and development of a fruit bearing tomato crop 
(data not shown). Shoot length and plant weight of young tomato plants, however, was 
reduced when subjected to a 5°C temperature drop in the morning. 
 
CARBON DIOXIDE 
Increased CO2 concentrations, up to a level of approximately 1000 ppm can 
enhance photosynthesis and hence crop growth and production. However, under 
prolonged periods of high CO2 concentrations, plants were found to adapt to these 
conditions, either by a decline in photosynthesis rate or by changes in their leaf 
morphology (Nederhoff and Van Uffelen, 1988; Yelle et al., 1990; Besford et al., 1990). 
Whether this occurs under current Dutch greenhouse conditions was experimentally 
established by placing sweet pepper plants under 380, 580 or 780 ppm continuously 
(Dieleman et al., 2003). Fruit production increased by 75%, whereas vegetative growth 
was not affected. Photosynthesis rates measured every fortnight at predefined conditions 
remained approximately constant, thereby indicating that the photosynthesis system did 
not adapt to prolonged periods of high CO2 concentrations. 
When the gas consumption for heating is reduced due to energy conserving 
measures, the amount of CO2 available from flue gases associated with heating also 
decreased. To make more efficient use of temperature and CO2, an optimised climate 
control system was developed in which temperature and CO2 were deployed such that 
energy use was minimised while maintaining crop production (Dieleman et al., 2005a). 
Firstly, the diurnal temperature course resulting in a predefined daily mean value was 
optimised while minimising the heat demand, based on the principles of temperature 
integration. A modelling study with sweet pepper showed that this optimised control 
system reduced the energy use by 6% compared to a commercial cropping system, which 
was experimentally verified. The subsequent optimization of CO2 supply, based on an 
algorithm that weighed the positive effect of CO2 on production against the CO2 loss by 
ventilation resulted in a simulated 2.5% higher production (Dieleman et al., 2005a). 
 
SYSTEMS INTEGRATION 
In greenhouse crop production maintaining set point temperatures accounts for 
most of the energy consumption. Furthermore, dehumidification is responsible for 10-
25% of the amount of energy used. Considerable amounts of energy can therefore be 
saved by reduced temperature set points, higher humidity levels and stronger fluctuations 
in greenhouse climate. However, growers will always balance the energy saving of a 
measure against its effects on crop production and quality. This seriously limits the 
possibilities for energy conservation in the high productive greenhouse systems in The 
Netherlands. The challenge therefore has been in the last four years to adapt the 
greenhouse climate and cropping systems gradually, in such a way that these changes do 
not affect the crop, but do conserve energy. In this paper, an overview is given of the 
effects of a series of energy saving measures on crop production and energy conservation 
(Table 1). It is obvious that the effects of the individual measures can not be accumulated 
to yield an energy saving of the entire system. However, in present cropping systems, 
energy conservation of 25-30% seems possible without major investments and without 
loss of production. This “educated guess” is supported by an inventory held in 2003 of 
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climate control strategies of a number of sweet pepper growers with a gas consumption of 
33 m3 m-2 year-1, 25% lower than the average consumption of 45 m3 m-2 year-1. Climate 
control of these growers is characterized by relative low temperature set points, high 
relative humidities, using screens during many hours and fluent transitions in climate. 
Due to the increased gas prices, growers’ awareness to consider energy 
consumption has greatly improved in the last few years. This has led to increased numbers 
of energy screens being fitted in greenhouses and to adaptations in the greenhouse 
climate. Since peak capacity in the energy consumption determines largely the price of the 
gas, growers tend to lower their contract capacity. In practice, this implies that at low 
outside temperatures, they will keep their energy screens closed and will allow the 
greenhouse air temperatures to sink below the set points. Growers also show a strong 
interest in new greenhouse concepts such as the closed greenhouse. In combination with 
an ‘open’ part of the greenhouse, the closed greenhouse can save 33% in energy use 
(Opdam et al., 2005). The production increase of the closed greenhouse was estimated to 
be 22% (De Gelder et al., 2005), primarily due to constant high levels of CO2. The 
possibilities of these new greenhouse concepts to improve productivity and energy 
efficiency further require new steps in optimisation of climate conditions and crop 
management in the following years. 
In this study, plant models were used, that simulate plant growth and development, 
transpiration and yield of greenhouse grown crops quite well, as previously described by 
Marcelis et al. (1988). In combination with a greenhouse climate model (e.g. De Zwart, 
1996), these models form a powerful tool to simulate effects of energy saving measures 
and to explore new possibilities for energy conservation in greenhouse horticulture. Based 
on models, control algorithms have been developed for on-line monitoring and control of 
the nutrient solution and plant growth (e.g. Elings et al., 2004). Essential for this system is 
the feedback of sensor information on plant performance. Furthermore, plant models can 
be combined with architectural models (e.g. De Visser et al., 2004). These recent 
developments in plant modelling will further increase the potential of model applications 
in greenhouse crop physiology. 
 
CONCLUSION 
In present greenhouse cropping systems, 25-30% energy conservation can be 
realized without loss of production. This can be achieved by reduced temperature set 
points, higher humidities, use of energy screens and allowing fluctuations in greenhouse 
climate. 
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Tables 
 
 
 
 
Table 1. Consequences of energy conserving measures for gas consumption and 
production, relative to a reference situation. Negative values imply a lower value than 
in case of the reference situation. 
 
Measure Crop Change in gas 
consumption (%) 
Change in 
production (%) 
2°C reduction in day and night 
temperature set points 
 
Tomato 
 
-16 
 
-3 
Temperature integration 
- bandwidth 2°C 
 
Tomato 
 
  -3 
 
-1 
- bandwidth 10°C Rose -13  0 
Temperature settings based on 
assimilate balance 
 
Cucumber 
 
  -9 
 
 0 
Increase RH set point from 
85% to 90% 
 
Tomato 
 
  -4 
 
 0 
Removal of lower leaves Sweet pepper   -5     0.5 
Application of antitranspirants Tomato -5 0 
Increase in light transmission 
of cover from 70% to 80% 
 
Tomato 
 
   -2 
 
6 
NIR filtering cover Tomato 10 9 
Direct light to diffuse light Sweet pepper 0 4 
Energy screen 
- applied at night 
 
Tomato 
 
-16 
 
0 
- opened at 150 W m-2 Tomato -19 -0.5 
Optimal strategy of 
temperature and CO2 
 
Sweet pepper 
 
-6 
 
2.5 
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